Tetralogy of Fallot (TOF) is an index lesion for all paediatric and congenital heart surgeons. In designing an appropriate operation for children with TOF, the predicted postoperative physiology must be taken into account, both for the short and long term. A favourable balance between pulmonary stenosis (PS) and pulmonary insufficiency (PI) may be critical for preservation of biventricular function. A unified repair strategy to limit both residual PS and PI is presented, along with supportive experimental evidence. A strategy for dealing with coronary anomalies and some comments regarding best timing of operation are also included.
INTRODUCTION
Tetralogy of Fallot (TOF) is the first cyanotic cardiac lesion to have been formally described, and subsequently stimulate development of some of the first palliative and definitive cardiac operations. Lillehei's original TOF repairs (whether with cross circulation or cardiopulmonary bypass [CPB]) generally employed a large right ventricular (RV) incision for access to both the right ventricular outflow tract obstruction (RVOTO) and ventricular septal defect (VSD). Mortality for TOF repair in the 1950s approached 50%, but current risk has fallen to consistently less than 2%. The relatively favourable long term results have been noted in numerous studies, although some level of physical compromise is common in adults who have survived repair during childhood in an earlier era [1] [2] [3] [4] . Because late mortality postoperative is relatively uncommon in the first 3 or 4 decades, TOF is an excellent model for natural history studies of treated congenital heart disease (CHD). Moreover, TOF has played a central role in our understanding of morphology, molecular biology, myocardial protection, and inflammation as they relate to CHD.
TOF is potentially lethal if untreated. One, three, and ten year survival probabilities without surgery are approximately 66%, 49%, and 24%, even though there have been isolated case reports of natural survival into the 8th and 9th decade [5] . In a recent report from the Society of Thoracic Surgeons database, multi-institutional surgical mortality for TOF repair was noted to be 1.1% [6] . Furthermore there was minimal variability between the 74 reporting centers, with no outliers identified statistically [6] . Therefore the natural history has been effectively altered timely surgical intervention, even if a uniformly excellent result remains elusive. Historical thinking regarding post repair TOF physiology has emphasized two points. Firstly, postoperative RVOTO has been considered to be undesirable, to the point that some teams would consider revision of a repair in the setting of a right ventricle RV/left ventricular (LV) systolic pressure ratio ＞0.75. The second "traditional" belief is that postoperative PI will be well tolerated in the longer term, and that only very significant RV dilation will be problematic. Both concepts have been challenged in recent years.
PI is exacerbated by loss of downstream compliance and lessened or prevented by proximal resistance. The degree of PI therefore depends in part on pulmonary artery (PA) compliance, and the location of resistance relative to a valveless RV-PA junction [7] . Free PI causes RV dilation that in turn affects the LV. The functional reserve and myocardial contractility of the RV and LV may decline with chronic PI.
This phenomenon is detectable in experimental models as early as 3 months after the onset of PI [8] . Geva [9] noted that LV dysfunction often coexists with PI induced RV dysfunction/dilation. This is thought to be related to LV interaction with the volume loaded RV, due to humoral factors, geometry, shared myofibres, and electromechanical (EM) dyssynchrony [9] . Such physiology may be well tolerated clinically for a long time, but some patients will eventually experience diminished exercise tolerance and progressive RV dilation and failure [10, 11] . This in turn predisposes the patient to late life-threatening ventricular arrhythmias [10, 12] . Severe RV dilation and related dysfunction, RV wall motion abnormalities, syncope, QRS duration ＞180 minutes, and sustained ventricular tachycardia all predict late heart failure and sudden death [9] . Schwartz et al. [13] noted a linear association between RV end diastolic volume index and LV end diastolic pressure in post operative TOF cases undergoing catheterisation. RV end diastolic pressure. PA pressure, and support time during repair were also important in predicting LV end diastolic pressure [13] . Liberalisation of indications for PV replacement is currently recommended in an attempt to avoid the aforementioned scenarios [14] [15] [16] [17] [18] [19] . Not all patients will benefit, however, and the timing and exact indications are controversial. There is no consensus regarding the best tools for assessment, nor their relative importance in decision making regarding significance of PI. Tissue Doppler imaging of TV annular motion during dobutamine stress echocardiography, for example, is useful for estimating contractile reserve, which may be relevant for timing of PV revision [20] .
Diastolic function may be as important as systolic function in decision making [21] . Magnetic resonance imaging (MRI), brain natriuretic peptide levels, QRS duration, presence of arrhythmia, anatomy of the RV, and other factors may all be useful [22] [23] [24] [25] [26] [27] .
Following TOF repair, residual/recurrent RVOTO is extremely common. The degree of RVOTO may be inversely proportional to the grade of PI. With an isolated RV pressure load, increases in cellular hypertrophy, microtubule density, and interstitial collagen formation may lead to decreased contractility over time. In a recent Korean publication, RV pressure load following TOF repair was found to protect to some extent against RV dilation from chronic PI, without inducing systolic dysfunction, although the limits of this phenomenon are not fully understood [28] . It is relevant that RV mass and mass/volume ratio are independently predictive of ventricular tachycardia and late death following TOF repair [29] . In balancing pulmonary stenosis (PS) and PI, it would therefore be useful in the clinical setting to know which is worse for the RV and LV over the long term: isolated PI or combined PS-PI. Should we try to limit PI by accepting more PS at the initial repair? Can we eliminate both problems using appropriate techniques?
EXPERIMENTAL EVIDENCE
University of California San Francisco investigators have created a non-surgical porcine model to assess the effects of chronic combined PS-PI on the RV and LV, looking at both anatomic and functional changes (Fig. 1) [30, 31] . Growing Fig. 2) [31] . The data were compared with data from controls and animals with isolated PI [32] . After 3 months of PS-PI, indices of RV systolic pump function were diminished at rest and failed to increase appropriately during dobutamine stress. Impaired systolic pump function was associated with decreased RV diastolic compliance but enhanced RV myocardial contractility. These findings contrasted markedly with the effects of isolated PI observed in a similar model [33] . In addition, PS-PI resulted in a smaller regurgitant fraction, more RV hypertrophy, and a smaller increase in RV volumes than did isolated PI.
PS in addition to PI seemed to have been beneficial by promoting hypertrophy, limiting RV dilatation, and enhancing 
RELEVANCE TO TOF REPAIR TECHNIQUE
The acute change from a pressure loaded to a volume loaded RV, in addition to the right ventriculotomy, can adversely affect the performance of the RV in the immediate postoperative period [33, 34] . A number of valve sparing techniques have been advocated across the years, including commissurotomies, rigid or balloon intraoperative dilation, and even acceptance of systemic RV pressure in order to maintain competence of a moderately restrictive valve [35] . Our understanding of postoperative TOF physiology leads us directly to the transatrial-transpulmonary (TA-TP) tetralogy repair as a possible solution. The TA-TP approach involves RVOT resection via the TV and PV, and VSD closure via the TV [36] . We try to complete the repair without division of the annulus, although this is not often possible. As an alternative we can perform a limited ventriculotomy, which is reconstructed with a transannular patch. We can usually avoid incision into the RV body, limiting the extent to the outlet portion of RV or infundibulum, which has a relatively minor functional contribution to RV stroke volume (Fig. 3) [31, 37] .
The TA-TP approach has resulted in significantly less RV dilatation and better preservation of contractility at 10 year follow-up [38, 39] . Since the presentation of the pulmonary cusp augmentation technique by Sung et al. [40] , we have adopted that strategy for most patients requiring a transannular patch. (Fig. 4) [31] .
Hegar dilators are passed through the TV into the main PA.
If the weight-indexed annular Z score is ＜0, the annulus is also divided [41] .
In the majority of cases the PV will be bicuspid with location of the commissures at 90 and 270 degrees. An incision Based on these results we have adopted the Sung repair as our standard procedure for TOF, and have found it to be possible in 95% of cases. While not "perfect," in our opinion it is the most effective strategy to date for TOF repair. 
DISCUSSION
Several groups have described strategies to limit the size of the right ventriculotomy, hoping to reduce the incidence of PI after primary repair. Valved homografts and xenografts were proposed as the most anatomic and physiologic way to resolve RVOT obstruction, but all eventually need replacement because of patient growth and conduit deterioration [42] . The use of a monocusp valve created from pericardium, xenograft valve cusps, fascia lata, autologous pulmonary artery wall, or polytetrafluorethylene has been shown to decrease short-term PI [43] [44] [45] . However due to limited durability, many groups have abandoned the monocusp, citing lack of proven significant advantage for the long term [42, 43] . Seventeen percent of our patients had progression of PI on short-term follow-up (median 7.5 months). In the Sung series, 2 of the 18 patients also had progression of PI at the 10 month follow-up [40] . We continue to follow these patients to assess ultimate (Figs. 5, 6 ) [31, 41] . We presented results of this approach nearly a decade ago, with a continued favourable experience to date (Fig.   7 ) [31, 41] . We now employ this technique in Brisbane, usu- 
TIMING OF SURGERY
The best age for TOF repair remains controversial, and the technique employed may influence the timing of operation.
TOF can be repaired at any age with a low risk in units equipped to deal with complex heart surgery in infants. The TA-TP strategy with Sung modification is easier and more reliable in infants 2 to 6 months of age than it is in neonates, but is certainly possible at any age. We continue to use the algorithm initially set forth by Karl et al. [36] at the Royal 
